Abstract
Introduction
The mining industry generates high volumes of waste, which leads to an increase in the number of tailings storage facilities (TSF). Large areas are needed for the storage of the high quantities of waste produced, which then pose a high potential for environmental and/or public hazards (Reid et al. 2009; Walker 2015) . Therefore, it is very important to employ an effective method of treatment and disposal to efficiently consolidate the tailings and have fast remediation and reclamation of the area serving as the TSF. Over the years, the use of synthetic chemicals, like flocculants, have helped towards the better disposal of tailings as they accelerate the settlement of the fine-grained particles and the tailings dewatering, making them effective at solid-liquid separation (Stocks 2006) . Tailings are a mixture of different components that include sands, clays, leftover process chemicals, and large volumes of water. However, it is the fine particulate in the tailings that govern the nature of the tailings themselves. Clays are part of the fine solids fraction (<44 µm) in tailings (Kotlyar et al. 1995; Masliyah et al. 2004) . It is known that clays have a natural tendency to form aggregates and a high water retention capability, making this a problem when trying to dewater tails (Van Olphen 1977; Hogg 2000) . This is one of the reasons why dewatering may be less efficient if the interactions between clay aggregates remain undisturbed, thus decreasing dewatering in the substrate.
One method of breaking up clay particle aggregates is using a shear force, which is the main topic investigated in this study. Consequently, shearing the slurry would interrupt interparticle interactions between the clay aggregates, releasing the trapped water and making the clay surface available for flocculation (Vajihinejad & Soares 2018) . Still, over-shearing may be detrimental, if it leads to an increase in the number of primary particles in the system.
For this work, two objectives were studied:
1. Investigating if levels of pre-shear prior to flocculation improves the dewatering on three different types of mine tailings, while decreasing the amount of polymer required.
2.
If it was possible to overly pre-shear the slurry and whether this hindered the dewatering performance.
This was achieved by applying shear to a tailings sample for different amounts of time before treating with the flocculant. Pre-shear was applied at different time durations, which would provide insight on the amount of time necessary to achieve effective dewatering of the tailings. Free drainage dewatering was done by using sieves, then the amount of water released was quantified during the different time frames. If proven to be successful, optimal pre-shear could be used to minimise the flocculant dose needed to optimise dewatering.
Methodology
The materials used in the study and their characterisation, instruments used, and procedure followed to achieve the results are outlined in this section.
Mine tailings samples and their characterisation
Two different substrates were used in this study:
1. Oil sands mature fine tailings (MFT).
Coal thickener underflow.
The oil sands sample was obtained from Alberta, Canada and the coal thickener underflow was sourced from a coal mine in Kentucky, United States. Table 1 shows the characterisation details for each slurry while Figure 1 shows the particle size distribution graph. 
Characteristics and preparation of polymers
Anionic polymers from BASF were used as flocculants to treat the different mine tailings. Table 2 includes some characteristics of these polymers. Polymer A and Polymer B were chosen to treat the oil sands MFT, and coal thickener underflow, respectively. Polymers were prepared as 0.5% w/v solutions from a dry polymer powder in process water (PW). Polymer B was made in PW sourced from their respective mines, while Polymer A was hydrated with synthetic PW of similar chemical composition to a recycle PW sourced from an oil sands operation. The hydrated polymer solutions were initially mixed by hand for about 1 minute, then for 1 hour in a tumble wheel set at 30 rpm. Polymer A was prepared and used on the day the experiment was set to be completed, while the Polymer B solution was made the previous day before testing and spun for 2 hours on the tumble wheel.
Instruments
Mine tailings samples were pre-sheared using the IKA RW 20 digital and SCILOGEX OS40-Pro overhead mixers. Conditioning of the oil sands MFT and the coal thickener underflow was done with the IKA Eurostar 60 control overhead mixer. Particle size distribution data was obtained using a Beckman Coulter LS I3 320 laser diffraction particle size analyser. Yield stress data was obtained using a DV3T Brookfield rheometer. A pHTestr 30 meter was used to measure the pH of the different tailings and an OFITE model 800 8-Speed Electronic Viscometer was used to measure their viscosity.
Experimental procedure
A representative slurry sample of 300 g was measured and poured into a plastic beaker. The plastic beaker with sample was covered and its contents sheared at 500 rpm using an overhead mixer with a flat blade impeller. Slurry samples were sheared at different times of 1, 5, and 60 minutes, except for the coal sample that was not pre-sheared for 1 minute. Control samples did not undergo pre-shearing.
To condition the oil sands MFT and the coal thickener underflow, an overhead mixer was used. The mixer was set at 320 rpm and 300 rpm, respectively. The desired dose of polymer was added ~ 1-2 cm above the surface of the slurry and ~ 2 cm from the outside edge of the beaker. The sample was mixed until optimum structure was achieved. This was defined by the visual point of optimum net water release (NWR) observed. The beaker containing the treated slurry was removed from the overhead mixer.
Immediately after conditioning the samples, the yield stress of the treated slurry was taken using a V-72 vane for the vane method. The mass of the beaker with treated material was recorded and the sample was transferred into a 1 mm mesh sieve fitted with a base through a 5.1 cm plastic collar on top of the sieve. The beaker was scraped clean to add any remaining solids to the sample already on the sieve. The collar was removed, a stopwatch was started to record the time, and the mass of the empty beaker was recorded. The mass of the sieve with treated material, the mass of base with released water, and the yield stress (using a V-73 vane) were recorded at 10, 60, and 1,440 minutes (in the case of the oil sands MFT) and just at 60 minutes for the coal and copper thickener underflow samples. Mass values recorded were used to calculate the NWR by free drainage at each time point as shown in Equation 1: This procedure was repeated six times for each polymer dose at the different pre-shearing times.
Oil sands mature fine tailings
This section summaries the results found for the oil sands tailings substrate.
Apparent viscosity profile
Apparent viscosity was plotted as a function of the shear rate the sample was exposed to, where the different shear times tested were 0, 5, and 60 minutes, as shown in Figure 2 .
(1)
Figure 2 Apparent viscosity of the oil sands MFT at different pre-shearing times
As the MFT was exposed to prolonged periods of shear the viscosity decreased, indicating that the material was of a shear thinning nature. The interactions between the clay aggregates were disrupted when exposed to shear, accounting for the immediate drop in viscosity. Once the particles were dispersed, continued shearing of the sample then had a minor impact on its viscosity.
Dewatering at 24 hours for different pre-shearing times
Dewatering was calculated by Equation 1 and plotted at 24 hours after treating the material with Polymer A. The results of the free drainage dewatering of the slurry is shown in Figure 3 . Limited dewatering was obtained with the MFT samples that were unsheared and pre-sheared for 1 minute, especially at low doses of polymer; nonetheless at higher doses they started to achieve substantial dewatering. Yet optimal dewatering was not achieved in either of these scenarios. Consequently, incrementally higher doses of polymer would be needed to improve dewatering. This is not a cost-effective solution for mine operators, as more polymer is needed to achieve good dewatering. No pre-shear 1 minute pre-shear 5 minutes pre-shear 60 minutes pre-shear Clay platelets tend to naturally aggregate, increasing water retention throughout the structure (Van Olphen 1977) . When these aggregates are not physically dispersed, the flocculant does not interact efficiently with the particles, thus hindering the dewatering. This was seen with the sample that did not undergo pre-shear prior to treatment and the sample that was pre-sheared for just 1 minute. With the latter, even though a small increase in dewatering was observed, 1 minute was not enough time to let clay dispersion take place. This amount of shear was not enough to achieve maximum dewatering, but it proved that at least minor addition of shear before flocculation had a beneficial effect in the dewatering performance of the treated substrate.
The use of pre-shear for at least 5 minutes significantly improved the dewatering of the material, while the dose of polymer required was decreased to achieve maximum dewatering. A typical inverse parabolic relationship was seen with the dose range chosen because the underdosed, optimum dose, and overdosed scenarios were seen. The dose of 700 gpt (grams per tonne) achieved poor dewatering, meaning that the amount of polymer used was not enough to obtain optimal structure nor optimal dewatering. It reached maximum dewatering of 22.3 % between 1,100 gpt and 1,300 gpt. At this amount of dewatering, the solids content of the material increased to approximately 42.6 wt%. Dewatering decreased when overdosing because of the polymer's ability to retain water (Vedoy & Soares 2015) . NWR values for 60 minutes pre-sheared were comparable to those obtained when the MFT was pre-sheared for 5 minutes, suggesting that 'overly pre-shearing' the MFT for 1 hour did not hinder the dewatering performance of the treated substrate. The solids content of the material was comparable to the 5 minutes pre-sheared sample as it was 43 wt%. In summary, for this oil sands substrate, at least 5 minutes of pre-shear was needed to obtain maximum amount of free water release, and a treated material with a higher solids content. As the material dewatered over time it reduced the water content present in the treated cake. Hence, the yield stress and solids content on the cake increased (Figure 4 .) Higher solids content values were obtained for samples that achieved maximum dewatering. Fast dewatering occurred during the first 10 minutes for samples pre-sheared for 5 and 60 minutes, which resulted in a faster increase in yield stress, as the material became more plastic. In contrast, the other samples achieved similar solids content with lower yield stresses, but it was with prolonged periods of dewatering. 
Coal thickener underflow
This section summaries the results found for coal thickener underflow substrate.
Free drainage dewatering at 1 hour
The coal thickener underflow slurry was left to dewater for an hour as the material exhibited rapid dewatering during this time. Figure 5 shows the dewatering of the slurry at the different pre-shearing times studied throughout different doses of polymer tested. There was no significant difference in dewatering between the different pre-shear times tested and the samples that did not undergo pre-shear; most of the data suggested there was no statistical difference. Dewatering was similar across the dose range tested, except for the samples that were underdosed, but still had substantial amount of dewatering when compared to the untreated coal thickener underflow. Initially, the slurry had a solids content of 25.9 wt%, which after treatment of the optimum dose or higher doses of polymer, increased to 37-40 wt% through the different pre-shearing times (as well as the unsheared), accounting for the dewatering of the treated slurry. Figure 6 shows a set of treated cakes undergoing dewatering when pre-shear was not applied. 
Effect of a polymer's molecular weight on dewatering
Each of the slurries tested in this study required a different polymer for flocculation. These polymers were selected because they are currently being used by the sites to treat the respective slurries. An experiment was conducted to investigate if the molecular weight (MW) had an effect on the dewatering performance relative to the amount of shear exerted on the slurry prior to flocculation. Three different polymers with the same anionic content but different MWs were tested on the oil sands slurry. Figure 7 shows the dewatering of the different polymers tested when the slurry was unsheared and when it was pre-sheared for 5 minutes.
The results showed that pre-shear was necessary to achieve a higher amount of dewatering from the sample, regardless of the polymer's MW. 
Conclusion
Pre-shear had different effects on each of the mine tailings tested, as it increased the dewatering performance for the oil sands MFT, decreased the dewatering observed in the copper thickener underflow, and had negligible effect on the coal thickener underflow's dewatering. The particles in the slurry must be sufficiently dispersed to enable effective interactions with the flocculant used in the treatment. Dispersion occurred in the oil sands MFT when it was pre-sheared, allowing the polymer to interact with the substrate and achieve effective dewatering of the material. Also, the results suggests that overly pre-shearing the substrate does not hinder dewatering performance for the oil sands nor for the coal slurry tested. For both substrates, applying longer periods of shear was not necessary beyond an optimal shearing point, as the particles had sufficiently dispersed across the medium. Accordingly, this saves both energy and time for the operators. The results also showed that pre-shear was necessary to obtain an increased amount of dewatering, regardless of the polymer used to treat the sample. As shown with this study, a single solution (in this case, pre-shear prior to flocculation) does not work on different types of tailings, as each have their own characteristics. Therefore, understanding the water chemistry, physico-chemical properties, rheology, or any other characteristics of the slurry is an essential part of optimising material treatment.
